The growth of crystalline copper sulfide using a viral template was investigated using sequential incubation in CuCl 2 and Na 2 S precursors. Non-specific electrostatic attraction between a genetically-modified M13 bacteriophage and copper cations in the CuCl 2 precursor caused phage agglomeration and bundle formation. Following the addition of Na 2 S, polydisperse nanocrystals 2-7 nm in size were found along the length of the viral scaffold. The structure of the copper sulfide material was identified as cubic anti-fluorite type Cu 1.8 S, space group Fm3m. Strong interband absorption was observed within the ultraviolet to visible range with an onset near 800 nm. Furthermore, free carrier absorption, associated with the localized surface plasmon resonance of the copper sulfide nanocrystals, was seen in the near infrared with absorbance maxima at 1060 nm and 3000 nm, respectively.
Introduction
Copper sulfide (Cu x S) is a semiconductor which exists in several polymorphic forms ranging in composition from Cu 2 S to CuS. Among the most well-characterized phases are high chalcocite (Cu 2 S, hexagonal), low chalcocite (Cu 2 S, orthorhombic), djurleite (Cu 1.95 S), digenite (Cu 1.8 S), and covellite (CuS) [1] . The Cu-deficient phases of this p-type material exhibit sizable hole concentrations which increase with decreasing copper content and cause the band gap to increase due to the Moss-Burstein effect [2, 3] . Although the band gaps of many non-stoichiometric phases are not well-defined, a range of 1.2-2.58 eV (Cu 2 S-CuS) is generally accepted for bulk materials [4] [5] [6] . The large hole concentrations in these materials also cause significant free carrier absorption within the infrared spectral region. The spectral range of the observed interband transitions and the tunability of the free carrier absorption of copper sulfide are highly desirable for photovoltaic and plasmonic applications, respectively. Nonetheless, the optical and electrical properties are, of course, dependent on phase and composition, which have proven challenging to control.
Often, in Nature, molecules such as peptides and proteins closely control mineral composition and/or structure, optimizing them for specific functions. For example, magnetotactic bacteria form nearly stoichiometric magnetite (Fe 3 O 4 ) for navigation; abalones control growth of calcium carbonate polymorphs, aragonite and calcite, to create robust shells. Because the phase diagram of copper sulfide is complex with many polymorphs, some of which are non-stoichiometric, it is a particularly intriguing material system in which to study bio-assisted synthesis. Biomolecules of a variety of sizes, shapes, and hierarchical structures have been used to induce growth of different copper sulfide compounds in a laboratory environment. Simple amino acids such as alanine and cysteine have served as capping ligands for CuS formation [7, 8] . Colloidal synthesis using alanine at pH 10 created polydisperse, mixed morphology (i.e. spheres, triangles, and rods) CuS particles tens of nanometers in size [7] . The hydroxyl group of alanine readily attached to CuS at high pH. A hydrothermal reaction using cysteine as both a stabilizing agent and a sulfur source resulted in hierarchical CuS microstructures including snowflakes, flowers, and porous shells [8] . Furthermore, small proteins such as bovine serum albumin (BSA) have also been used as capping molecules for copper sulfide synthesis [9] . Cu 2 S and CuS nanoparticles were both successfully formed in colloidal solution using BSA. The sulfhydryl or imidazole groups within BSA likely contribute to protein-metal cation interactions making particle formation possible. Larger biomolecules with hierarchical structures have also demonstrated an ability to mineralize copper sulfide, improving control over particle size distribution and long range particle geometry. For example, apoferritin, a cage protein which is composed of 24 subunits arranged in a spherical geometry, has been used to produce monodisperse CuS nanoparticles [10] . The pore diameter of this multi-component protein constrained material growth resulting in tight control of nanoparticle size. Additionally, nanocrystalline tubes of Cu 2 S have been mineralized using bionanotube scaffolds approximately 100 nm in diameter and several microns in length [11] . HG12, a histidine-rich peptide, was displayed along the length of each bionanotube with a 6.4 nm spacing [11] [12] [13] . The imidazole in histidine served to template monodisperse Cu 2 S nanoparticles along the length of each tube. Furthermore, the pH of the precursor solution was used to control the aggregation of the peptides along the bionanotubes and vary the average nanoparticle diameter from 12 nm (pH 5) to 22 nm (pH 8). The well-organized, hierarchical organization of the high affinity biomolecules enabled both the particle size and the larger scale geometry of the mineralized material to be engineered.
In this work, we used an M13 bacteriophage as a template to grow nanostructured copper sulfide which was characterized both structurally and optically. The wild-type M13 phage is approximately 880 nm in length and 6.5 nm in diameter. This filamentous virus consists of five structural proteins: the pIII and pVI minor coat proteins at the proximal end, the pVII and pIX minor coat proteins at the distal end, and the pVIII major coat proteins covering the length of the phage [14] . The viral capsid includes about 2700 identical copies of the major coat protein, each serving as a potential binding site for inorganic materials. As such, like the aforementioned bionanotubes, the M13 virus is a high-aspect-ratio template with a high density (∼0.15 nm −2 ) of well-ordered binding sites on its surface [15] . Assuming a uniform distribution, the areal density of binding sites on the M13 surface is estimated to be six times greater than that of the bionanotubes. Furthermore, the M13 virus is approximately 15 times smaller in diameter. This biological scaffold has been used to synthesize other metal sulfides, but not yet copper sulfides [16, 17] . The study of coppercontaining compounds through phage display had been neglected, likely due to reports that Cu ions are detrimental to phage activity, inhibiting the use of combinatorial phage display techniques to identify peptides with a specific affinity for copper sulfide [18] . Here, we explore copper sulfide growth driven by non-specific electrostatic interactions using a genetically-modified, carboxyl-rich M13 template. The closely-spaced, hierarchically-ordered binding sites enabled the formation of high quality, optically-active Cu 1.8 S nanocrystalline material in which both band-to-band and free carrier absorption were observed. These studies represent first steps toward viral control of copper sulfide synthesis.
Experimental details

Genetic modification and amplification of M13 virus
The viral template used for synthesis of copper sulfide was a genetically-modified M13 phage. A peptide composed of three glutamic acid residues (E3) was fused to the N-terminus of each of 2700 copies of pVIII protein using a previously reported approach [19, 20] . Specifically, the N-terminus of the wild-type M13 pVIII major coat protein, AEGD-, was replaced with the more negatively charged, carboxyl-rich amino acid sequence, AEEE-, using the M13SK vector [21, 22] . This vector differed from the wild-type M13 in that PstI and BamHI restriction sites were introduced via a mutation (T to A) at position 1372 and a mutation (C to G) at position 1381, respectively, and a PstI restriction site was removed by a mutation (T to A) at position 6250 [19] . To construct the E3 phage, the oligonucleotide 5 -CT ACT ACA AGG ATC CTC CTC CTC TGC AGC GAA AGA CAG CA-3 , encoding the three glutamic acids, was hybridized and polymerase chain reaction (PCR) amplified. The circular M13SK vector and the oligo duplex were digested with PstI and BamHI, ligated together, and transformed into XL-1 Blue electrocompetent cells with an electroporator (BioRad, MicroPulser). The transformed cells were titered, and the bacteriophage DNA was sequenced in the region encoding for the pVIII coat protein to confirm the peptide fusion. To further verify the E3 peptide insert, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS, QSTAR XL oMALDI MS/MS) was performed on the modified pVIII protein. More detailed information regarding MALDI-TOF MS sample preparation is available in the supplementary data (available at stacks.iop.org/Nano/24/325602/mmedia).
A phage stock solution with a concentration of 10 10 pfu µl −1 in tris-buffered saline (TBS, 50 mM Tris-HCl, 150 mM NaCl, pH 7.5) was prepared using standard amplification and polyethylene glycol (PEG) purification techniques for the M13 phage [23, 24] . Briefly, 500 ml of luria broth (LB) medium combined with 5 ml of ER2738 (New England Biolabs) overnight culture was inoculated with a single plaque and incubated at 37 • C for 8 h with shaking. The E. coli cells were then pelleted twice at 4 • C and 10 000 rpm for 20 min, transferring the supernatant to a clean tube after each centrifugation. Subsequently, 1/6 volume of 20% PEG/2.5 M NaCl (PEG/NaCl) was added to the supernatant and the phage was precipitated overnight at 4 • C. The phage were then pelleted at 4 • C and 10 000 rpm for 10 min and the supernatant discarded. The phage pellet was dissolved in 1 ml of TBS, transferred to a micro-centrifuge tube, and precipitated again with 1/6 volume PEG/NaCl on ice for 60 min. Finally, the phage were pelleted at 10 000 rpm for 10 min, the supernatant discarded, and the phage pellet was dissolved in 100 µl of TBS. The concentration was measured spectrophotometrically (Evolution 60, UV/vis) and diluted as necessary with TBS to a phage stock concentration of 10 10 pfu µl −1 .
Synthesis of phage-templated material
Nanocrystalline copper sulfide was formed by sequential incubation of the E3 phage template in copper chloride (CuCl 2 ) and sodium sulfide (Na 2 S) chemical precursors as shown in figure 1. Stock solutions of 1 M CuCl 2 (Acros Organics) and 1 M Na 2 S (MP Biomedicals) were prepared in deionized water and then diluted to concentrations of 200 mM and 1 mM, respectively, for use as precursors. The E3 stock solution was diluted 1:10 with deionized water. Crystallization was performed by first combining equal volumes of 200 mM CuCl 2 and the diluted E3 phage solution for a total volume of 200 µl. The solution was vortexed to ensure mixing and allowed to incubate undisturbed for 2 h. Centrifugation was used to pellet the phage templates. The excess CuCl 2 precursor solution was removed leaving the pellet intact, and 100 µl of 1 mM Na 2 S was added. The phage templates were incubated in the Na 2 S precursor solution for 5 min with sonication. For comparison, samples with wild-type M13 phage and without a phage template were made in a similar manner. In addition, the E3 phage template was added to a solution of pre-formed nanoparticles synthesized without a template.
Zeta potential measurements and synthesis of phage-templated material
The electrostatic interactions between the viral template and copper cations were investigated using zeta potential measurements and transmission electron microscopy (TEM, FEI Tecnai12 and CM300) of phage agglomerates formed during incubation with CuCl 2 . The zeta potential of the E3 template in dilute TBS with and without the addition of CuCl 2 was measured at room temperature using a zeta potential analyzer (Malvern Zetasizer Nano ZS). A phage concentration of 2.5 × 10 8 pfu µl −1 and total volume of 600 µl were used for all measurements. The E3 stock solution was diluted with TBS to half the original concentration. Samples were prepared by diluting 30 µl of this phage solution (5 × 10 9 pfu µl −1 ) in deionized water or 0.5 mM CuCl 2 . Low concentrations of CuCl 2 and E3 phage template were used for zeta potential measurements to avoid significant agglomeration. For each solvent, three samples were measured ten times and averaged. Wild-type M13 phage samples were similarly prepared and measured for comparison. In addition, TEM was used to study the phage agglomeration behavior associated with the presence of CuCl 2 in solution. For these samples, the E3 stock solution was diluted 1:10 with deionized water and an equal volume of 2 mM CuCl 2 was added for a total volume of 200 µl. The solution was vortexed to ensure mixing, then 5 µl volume of solution was immediately drop cast onto a carbon-coated nickel grid, incubated for 5 min, rinsed twice with deionized water, and stained with 2% uranyl acetate. The CuCl 2 concentration used here was lower than that used for copper sulfide synthesis. Lower CuCl 2 concentration avoided the formation of extremely large agglomerates which might be easily removed from the TEM grid during rinsing steps, preventing accurate analysis of agglomerate size. TEM samples were similarly prepared with wild-type M13 phage for comparison.
Structural characterization
The morphology of the synthesized material, as well as the nanocrystal geometry and size were characterized by TEM. Electron diffraction and energy dispersive x-ray (EDX) spectroscopy were used to determine the crystal structure and elemental composition, respectively. To prepare samples for TEM, a 5 µl volume of suspended synthesis products was drop cast onto a carbon-coated nickel grid, incubated for 5 min, and then rinsed twice with deionized water. Bright-field TEM was used to determine the morphology of the synthesis products, as well as to quantify the widths of individual phage encrusted by copper sulfide nanoparticles and the widths of phage bundles coated with nanoparticles. Phage bundles were defined as several phage aligned side-by-side forming a structure greater than one phage in width and length. Twenty-two bundles were each measured at several locations along their length to obtain an average width. The average width of an individual phage overgrown with copper sulfide nanoparticles was measured in a similar fashion. Individual phage widths were only measured where nanocrystalline copper sulfide material was clearly visible.
Absorption measurements
The room-temperature optical absorption of thin films of the phage and copper sulfide aggregates was measured from 360 to 3300 nm with a spectrophotometer (Cary 500 UV/vis/NIR), neglecting reflection and scattering effects. To prepare samples for absorption measurements, the phage coated with copper sulfide were rinsed with deionized water to remove residual precursor solution and untemplated material, and then concentrated. To rinse the material, the mineralized phage were loosely pelleted through low speed centrifugation, the supernatant was removed, and the pellet was resuspended in deionized water. Concentration was achieved through low speed centrifugation and partial removal of the deionized water supernatant. The remaining concentrated synthesis products were deposited on a glass slide and dried in a vacuum desiccator for approximately 10 min. The optical absorption of the film was then measured.
Results and discussion
E3 phage template characterization
The DNA sequence of the E3 bacteriophage confirmed the fusion of the AEEE-peptide at the N-terminus of the pVIII protein. Furthermore, MALDI-TOF MS performed on the genetically-modified and wild-type M13 pVIII proteins was consistent with the replacement of the wild-type N-terminus amino acid sequence (AEGD-) with the E3 sequence (AEEE-). The MALDI-TOF MS spectra and a more detailed analysis of these data are available in the supplementary data (available at stacks.iop.org/Nano/24/325602/mmedia). As expected, the addition of an acidic amino acid to the major coat protein increased the net negative charge of the E3 phage compared to the wild-type M13 phage [20] [21] [22] . The average measured zeta potentials of the E3 and wild-type phage in dilute TBS were −33.9 ± 1.6 mV and −29.9 ± 2.2 mV, respectively.
Macroscopic fiber formation
Copper sulfide crystal growth induced by the E3 viral template resulted from successive incubation with CuCl 2 and Na 2 S precursor solutions. Immediately after mixing the E3 phage with CuCl 2 , the solution became slightly opaque and white fiber-like agglomerates were observed in suspension, as shown in figure 2(a) . The agglomerates slowly grew in size throughout the 2 h CuCl 2 incubation and were easily pelleted with centrifugation. Upon addition of Na 2 S to the phage pellet, the solution became light brown in color, the pellet re-dispersed, and dark brown filaments were visible following sonication. Figure 2(c) shows the large fiber-like bundles seen after Na 2 S incubation. The bundle formation observed throughout CuCl 2 incubation is consistent with previous reports of anionic filamentous or rod-like viruses in solutions containing divalent cations such as Ca 2+ , Mg 2+ , Zn 2+ , or Cu 2+ [17, [25] [26] [27] . In these reports, metal ions complexed with the viral surface via non-specific electrostatic interaction. The adsorbed cations screened the negative charge of the virus, reducing the electrostatic repulsion between viruses and causing lateral aggregation. These solutions were reported to appear 'cloudy' or 'opalescent' [17, 26] . Furthermore, Figure 2 . Optical images of (a) the E3 viral template and (b) the wild-type M13 phage following incubation in 100 mM CuCl 2 . Large fiber-like agglomerates were visible within the solution containing the E3 template, but not the wild-type M13 phage. (c) E3 phage fibers coated with nanocrystalline copper sulfide were observed in suspension following incubation in Na 2 S. similar to our observations following Na 2 S incubation, other studies have reported aggregated phage bundles remaining intact throughout subsequent crystallization steps [17, 25] .
The electrostatic interactions associated with this specific colloidal system were further examined with zeta potential measurements, optical images, and TEM. The zeta potential of the E3 phage was increased from −33.9 ± 1.6 mV in dilute TBS to −11.6 ± 1.3 mV in dilute TBS with 0.5 mM CuCl 2 . Moreover, the zeta potential increased as the CuCl 2 concentration increased, indicating that the copper cations screened the negative charge of the E3 phage. Further information regarding the dependence of the zeta potential on low concentrations of CuCl 2 can be found in the supplementary data (available at stacks.iop.org/Nano/ 24/325602/mmedia). At higher CuCl 2 concentrations, the repulsive forces between E3 phage templates were sufficiently reduced by the electrostatic screening of copper ions to allow the formation of large agglomerates such as those observed optically (100 mM CuCl 2 ) and with TEM (1 mM CuCl 2 ) in figures 2(a) and 3(a), respectively. In contrast, the wild-type M13 phage, with a lower charge density, produced fewer and smaller agglomerates than the E3 phage as shown optically (100 mM CuCl 2 ) and with TEM (1 mM CuCl 2 ) in figures 2(b) and 3(b), respectively. A similar dependence of aggregation on charge density was observed for the more negatively charged fd virus compared to the M13 when suspended in a divalent metal ion solution [17, 27] . No fiber-like structures were observed in samples made without phage templates indicating that the viral template was integral to macroscopic fiber formation. Figures 4(a)-(d) show TEM images of typical aggregates and individual phage found within the copper sulfide and phage suspension. Large agglomerates of phage bundles, smaller clusters of phage, and individual phage were all observed. The phage and the copper sulfide nanocrystal agglomerates ranged from a few microns to tens of microns in size and were each made up of phage bundles approximately 13-67 nm in width. Individual phage coated with copper sulfide nanoparticles appeared as high-aspect-ratio nanostructures with an average length of 946 ± 31 nm and an average width of 11 ± 2.6 nm. Regardless of the configuration of the phage templates (bundled or individual), nanocrystalline material was found along the length. The density of the nanocrystalline material on the template varied greatly. Some templates were found to have closely-packed, continuous coverage while others displayed sparse coverage with only a few nanoparticles. Furthermore, the nanocrystalline material typically appeared thicker on the exterior of phage bundles and on individual phage templates than on phage located within a bundle. This could be due to reduced diffusion rates of one or both of the precursors within the well-aligned bundles, despite the use of sonication during the synthesis. Alternatively, it could be caused by differences in electrostatic screening. Further studies are necessary to fully understand the observed difference in nanocrystalline material thickness. The sequential incubation in precursor solutions was critical to template crystallization. E3 phage templates did not display a strong affinity for pre-formed copper sulfide nanoparticles. Furthermore, synthesis in which the wild-type M13 phage was used as a template produced very little to no copper sulfide along the phage surface, as shown in the supplementary data (available at stacks.iop.org/Nano/24/325602/mmedia).
TEM, EDX, and electron diffraction studies
The crystalline structure and composition of the copper sulfide nanocrystalline material were studied further using EDX and electron diffraction. As shown in figure 5 , the EDX spectrum of the crystalline nanoparticles confirmed that they contained predominantly Cu and S. The additional peaks observed in the spectrum are identified as C Kα, O Kα, and Ni Kα lines, which are generated by spurious scattering from the TEM Ni grid and the amorphous carbon support film, as well as the phage. The O Kα peak was an indication of possible partial oxidation of copper sulfide. A selected area electron diffraction pattern from the agglomerated copper sulfide and phage bundles is shown in the inset of figure 6 . The observed ring pattern can be indexed with the digenite structure, a slightly copper-deficient cubic polymorph of copper sulfide with the anti-fluorite structure and Cu 1.8 S stoichiometry [28] . The measured d-spacings, 3.2, 1.95 and 1.67Å, were indexed as the (111), (220) and (311) interplanar distances of digenite. High resolution TEM (HRTEM) images of the dense aggregates of copper sulfide and phage are also shown in figure 6 . The material was composed of small, tightly-packed, polydisperse nanocrystals ranging in size from 2 to 7 nm. Smaller nanocrystals were nearly spherical, whereas larger nanocrystals appeared slightly elongated. Figure 6 shows the 3.2Å lattice fringes of the individual nanocrystals which are consistent with the digenite (111) interplanar distances.
Nanoparticle size is difficult to predict and can typically be attributed to a combination of crystal growth conditions. Nonetheless, it is interesting to note that the nanocrystals formed by the carboxyl-rich E3 template were smaller and more polydisperse than those templated by bionanotubes functionalized with the imidazole-rich 12-mer peptide, HG12 [11] . The comparatively diminished binding site spacing of the E3 may not allow for the formation of larger diameter nanoparticles such as those observed by Banerjee et al [11] . Further studies are necessary to determine the effect of peptide spacing on crystal growth.
Absorption studies
The absorption spectrum of a film prepared from the synthesized material is shown in figure 7 from 360 to 3300 nm. In the ultraviolet to visible wavelength region, a strong increase in absorbance was observed as the wavelength decreased below 800 nm. This optical behavior was attributed to indirect and direct band-to-band transitions of the semiconductor material. Bandgaps near 1.55-1.6 eV have been reported for bulk and polycrystalline digenite [4, 6] . In the near infrared (NIR) wavelength region, a broad peak near 1060 nm and a narrower set of peaks near 3000 nm were observed. These features were attributed to localized surface plasmon resonance (LSPR) due to the presence of free carriers within Cu 1.8 S. NIR LSPR is common in non-stoichiometric copper sulfides in which copper vacancies produce near metallic concentrations of free carriers, specifically holes Figure 7 . The absorbance spectrum of a film of bio-induced synthesis products on a glass slide. [6, [29] [30] [31] [32] . The free carrier absorption peak is dependent on the copper sulfide composition, as well as nanocrystal size and shape. The LSPR increases in strength and blue shifts with increasing hole concentration or copper vacancies. Additionally, as observed by Luther et al [30] and Kriegel et al [32] for copper sulfide nanoparticles with dimensions smaller than the mean free path, the LSPR wavelength increases with decreasing particle size due to surface scattering of free carriers. Our NIR absorbance peak near 1060 nm was broad likely due to the polydispersity, 2-7 nm diameter particles, of the nanocrystalline material. The additional peaks near 3000 nm are most likely caused by asymmetric or elongated nanocrystal geometries within the synthesis products or by plasmonic coupling between tightly-packed nanocrystals along the length of the viral template. The presence of multiple resonance peaks due to shape anisotropy was also observed by Hsu et al in Cu x S nanodisks [33] . The small dip near 2250 nm is due to a spectrophotometer discontinuity.
Conclusion
We have examined the use of a high-aspect-ratio viral scaffold for bio-induced copper sulfide crystal growth. The dense, well-organized binding sites of the highly negatively charged, genetically-modified M13 template produced cubic Cu 1.8 S. Both interband and free carrier absorption were exhibited by the polydisperse, nanocrystalline copper sulfide material. Due to the complexity of the Cu-S system phase diagram with a multitude of polymorphic phases and non-stoichiometric compounds, copper sulfide is a compelling system in which to study bio-assisted crystal growth. In many living organisms, biomolecules have demonstrated control of both stoichiometry and crystal structure of inorganic materials. These bio-induced synthesis studies are an initial excursion into the capacity of highly-organized, hierarchical viral templates to control semiconductor materials with complex phase diagrams such as copper sulfide. The ability to engineer biomolecules to synthesize specific copper sulfide phases would represent significant progress in designing materials with potentially high impact on future photovoltaic and plasmonic devices.
